Abstract 1. The effects of specific protein modifying reagents on the dose (Glu)-response (4G) relationship of the glutamate-hyperpolarizing (Glu-H) receptors in molluscan neurons (Onchidium verruculatum) were analyzed. 2. The effects could be classified into three types. (1) Type I, parallel shift of the dose-response curve towards higher concentration by modification of C00-groups by N ethoxycarbonyl-2-ethoxy-l,2-dihydroquinoline (EEDQ). The double reciprocal plots of the doseresponse curves before and after the treatment indicated competitive inhibition type modification. (2) Type II, a decrease in the slope of the dose-response curve through modification of -SH by N ethylmaleimide and -NH3 groups by trinitrobenzenesulfonic acid. The double reciprocal plots indicated non-competitive inhibition type modification. (3) The combined effects of Type I and Type II, after modification of arginyl residues with diacetyl trimer. The modification was most effective when applied during an activated state of receptors and channels by Glu. 3. EEDQ had an irreversible after-effect on Glu-H type Onchidium neurons to activate an additional Na+ permeability increase in Glu induced hyperpolarizing response. 4. Pretreatment of N acetylimidazole (NAT), Glu-H (including weak D) receptors in Helix aspersa produced no significant difference in Glu response. However, simultaneous application of NAT and Glu induced an additional Na+ permeability increase, probably by modification of tyrosyl residues. This indicates the greatest effectiveness of the NAT modification during the activated state of the receptors and the channels by Glu. 5. It is suggested that the Glu-H receptor protein possesses both negatively and positively charged
artificial snail saline (NaCI, 80 mM; KC1, 4 mM; CaC12, 5 mM; Tris-HC1, 5 mM; pH 7.8) (KERKUT and MEECH, 1966) was used. These neurons are known to respond to glutamate with membrane hyperpolarization, hence, they are called the Glu-H neurons (OoMURA et a!., 1974; . General experimental set-up and intracellular recording methods have been described (ONo et a!., 1974; KATO et al., 1983b) . The average resting membrane potential of the Glu-H neurons of Onchidium was -40 mV and that in the snail neurons was between --50 and -80 mV.
Sodium salt of L-glutamic acid at concentrations between 1 and 50 mM (pH 7.4) was dissolved in the perfusion saline and added to the perfusion medium. When concentrations of glutamate greater than 20 mM were used, an osmotically equivalent amount of NaCI was omitted from the medium.
The membrane conductance increase (4G) (4G=GTest-GNormal) induced by Glu application was expressed relative to the maximum conductance increase (4Gmax) induced by the highest glutamate concentration. In some cases, however, 4G itself was used for plotting the data.
The following protein modifying reagents were examined : NV ethoxycarbonyl-2-ethoxy-l,2-dihydroquinoline (EEDQ) for carboxyl group, N ethylmaleimide (NEM) for sulfhydryl group, trinitrobenzenesulfonic acid (TNBS) for amino group, diacetyl trimer for arginyl residue, and NV acetylimidazole (NAI) for tyrosyl residue in proteins. These reagents were dissolved in perfusion saline and applied to the preparation for the test periods. After wash out, conductance changes in response to graded concentrations of Glu were recorded. Details of the treatment with each reagent are given in the text. Results were confirmed on several neurons having the same kind of receptor.
RESULTS

General consideration
The perfused protein modifying reagents are expected to act on all membranesurface proteins that are accessible from the outside, including both chemosensitive receptor channels and electrically excitable channels. Treatment with low reagents concentrations (0.1 to several mM) and at pH 6.5-8.0 caused almost no change in resting membrane conductance in the present experiments. Therefore, we considered that such treatment mainly affected the chemosensitive receptor-channel proteins without affecting other membrane properties.
The modification effects with reagents used in this experiment were long lasting and practically irreversible at neutral pH. When the treatment with reagents was extended beyond 30 min, the effects differed depending on the reagent used. In some cases, (e.g., TNBS, 2.5 mM, pH 8.0) there was negligible effect on the membrane electrical properties. However, other reagents, those which have dual modification effects on receptors and on excitable membrane (see BAUMGOLD et J. MARUHASHI, Y. OOMURA, M. KATO, and K. KUSANO al., 1978 ) (e, g., NEM, 2.5 mM, pH 7.0), induced a gradual decrease in membrane potential with a concomitant increase in resting membrane conductance, and caused irreversible non-responsiveness to Glu even after long wash-out, or left the membrane hyperpolarized after wash-out.
II. Effects of carboxyl group modification with EEDQ Since transmitter agonists such as Glu, glycine, GABA, and ACh have two charged sites or sites that can form H-bonds, it is possible that the receptor binding sites for these agonists may have oppositely charged complementary amino acid residues. For this reason, we studied the chemical modification that these charged amino acid residues underwent in the receptor binding sites and/or in the receptoractivated ionic channels. Since the Glu molecule has a positively charged -NH3+ moiety, agonist binding sites in the Glu-H receptor might have negatively charged groups such as C00- (KATO et al., 1983b) .
EEDQ has been reported to be highly specific for modifying COO-groups (BELLEAU et al., 1968 BELLEAU and MALEK, 1968; STUESSE and KATZ,1973) .
After application on EEDQ on Glu-H type Onchidium neurons, the Gluinduced response became a complex of the persistent hyperpolarization and depolarization, while the resting potential and resting membrane conductance unchanged. Replacement of external Na+ by Tris suppressed the depolarizing phase of the EEDQ-activated Glu response. The after-effect of EEDQ on the Glu-H cell to activate Glu-induced Na+ response was irreversible.
To prevent this EEDQ activated Glu-induced depolarization, the experiments for Glu-receptor analysis were carried out in 15 % Na+ sea water.
Chemical modification of C00-groups of amino acid residues in the Glu-H receptors of Onchidium neurons with EEDQ (0.2 mM, pH 7.5) caused a parallel shift of the dose-response (4G) curves towards higher concentrations of Glu and decreased the maximum response (Fig. 1A) . Double reciprocal plots of the data showed that EEDQ altered the slopes of the Lineweaver-Burk plots without changing intercepts with the ordinate except at maximal values (Fig. 1B) . Further the intercepts at the abscissa indicated increased Km or decreased affinity of Glu to the modified receptors. This indicates competitive inhibition type modification. These findings support the postulated existence of C00-groups in the Glubinding sites of the receptors.
IIIa. Effects of modification of sulfhydryl groups with NEM Since our previous study (KATO et al., 1983a) showed that diisopropylfluorophosphate (DFP) did not affect Glu-responses, it seems likely that there are no serine residues in the binding sites of the Glu-H receptor. Sulfhydryl enzymes, like papain, have sulfhydryl groups in their active sites rather than the serine residues found in the active sites of serine proteases. Therefore, it is possible to assume the existence of sulfhydryl residues in the binding sites or the channel sites of the Glu-H receptor. To test this hypothesis, NEM, a widely used -SH modifying reagent (SMYTH et al., 1960) was used.
NEM application reduced receptor responsiveness to Glu. The linear part of EEDQ had the after effect of activation of L-Glu-induced Na+ response in Glu-H type Onchidium neurons. To prevent this depolarization effect, the experiments were carried out in 15% artificial sea water both before and after EEDQ modification. Y. OOMURA, M. KATO, and K. KUSANO the Glu dose-response curves had a reduced slope after 2.5 mM NEM (pH 7.0) treatment for 100 sec, and reduced maximum value ( Fig. 2A) . The double reciprocal plots of these dose-response curves before and after NEM treatment yielded two straight lines with the same intercepts on the abscissa (Fig. 2B ). The increased slope after NEM treatment indicated no change in Km. This suggests a non-competitive inhibition type of modification.
IIIb. Effect of modification of amino groups with TNBS The amino groups (a-and r-NH2) of proteins are positively charged at or near neutral pH and are thus able to bind negatively charged groups. Therefore, these amino groups might play some role in the receptors. The reaction of TNBS with protein amino groups takes place at pH values near or above 7, and can be used to study the effect of amino group modification (OKUYAMA and SATAKE,1960; HAYNES et al., 1967; FREEDMAN and RADDA, 1968; MEANS and FEENEY, 1971) . The effects of TNBS on the Glu dose-response relation in Glu-H type neurones were almost the same as those of NEM. TNBS reduced the slope of the doseresponse curve (KATO et al., 1983a) , and double reciprocal plots indicated noncompetitive inhibition type of modification (not shown). The results suggest that modified amino groups are present in the receptor-activated ionic channel sites, as described in the previous section.
IV. Effect of modification of arginyl residues in the Glu-H receptors with diacetyl trimer Arginyl residues in proteins are strongly basic and remain protonated except in strongly alkaline solution. Modification of arginyl residues can be accomplished under slightly alkaline conditions by reaction with a trimer of diacetyl (GROSSBERG and PRESSMAN, 1968; YANKEELOV et a!.,1968 ; MEANS and FEENEY, 1971; MARCHEL and BOLDLEY, 1980) . The Glu-H neuron was treated with diacetyl trimer (5 ml diacetyl/ 100 ml saline, pH 8.2) for 6 min and washed out with control saline for 30 min. The response (4G) to 10 mM Glu was then examined and compared to the control response. As shown in Fig. 3A (open circles) , the Glu response was attenuated very slightly This result might be due to relative unavailability of arginyl residues to diacetyl trimer in the resting state of the receptor molecules. Therefore, we examined the effect of diacetyl trimer applied during the active state of the Glu receptors. After treatment with a high concentration of Glu (25 mM) plus diacetyl trimer (5 ml diacetyl f 100 ml saline, pH 8.2) for various times, the preparation was washed with control saline for 30 min, and relative response to 10 mM Glu was then examined.
In this case the time-dependent dG decrease proceeded at a much faster rate (90% in 10 min; Fig. 3A and B, filled circles). Thus, there may be some arginyl residues that are modified at the time of the agonist-bound state of the receptors. The above evidence indicates two different sites of chemical modification of the Glu-H receptor with diacetyl trimer ; one that is modified in the resting state, and the other in the active state.
Glu dose-response (zG) relationships before and after treatment with diacetyl trimer plus 25 mM Glu are shown in Fig. 4 . The data of the dose-response relationships and the double reciprocal plots fit neither competitive nor non-competitive inhibition type of modification. Therefore, the data in Fig. 4 should be considered to be due to two binding sites of the receptors ; one works in the resting state and the other in the active state. As shown in Fig. 5A , consider a curve parallel to the control curve but shifted so it starts at the intersection of the abscissa and the treated curve. Now change the slope of the parallel shifted curve by a factor, k, so it fits the treated curve. The value of k was obtained from the ratio of 4G after the treatment with its value on the parallel shifted curve at the same Glu concentration.
On this figure, k was 0.57. Figure 5B shows double reciprocal plots of the curves V. Activation of Glu-induced Na+ permeability increase by NAI in Glu-H and Gluweak response D neurons of Helix The presence of tyrosyl residues in the ionic channel sites of GABA receptors in Glu-H neurons in Onchidium has been postulated (OOMURA et al., 1979; 1982b) . Tyrosyl residues in proteins are acetylated with NAT at neutral pH SIMPSON et al., 1963; RIORDAN et al., 1965; MEANS and FEENEY, 1971) .
After treatment of NAT (5 to 50 mM, pH 7.8), Glu-H neurons or Glu-weak response D neurons of the Helix (KERKUT et al., 1969 showed no significant change in either Glu-induced hyperpolarizing or depolarizing response. However, when Glu was applied during perfusion of NAT on both types of neuron, a depolarization response occurred with remarkably large amplitude and long lasting dura- KERKUT et al., 1975) . Records obtained from same cell.
Resting membrane potential, -80 mV. Relatively short control response due to receptor desensitization. NAT-activated response, depolarization over 40 mV (Natresponse), markedly prolonged. Downward deflection from base line, index of membrane resistance (0.5 sec constant current pulse). Top left, Glu 2 mM; top right, Glu 5 mM; middle, Glu 1 mM with NAT 10 mM; bottom, Glu 2 mM with NAT 10 mM (enhancement of Glu-response).
pH 7.8.
tion, and this was accompanied by increased dG (MARUHASHI and KUSANO,1984) . An example of a Glu-weak response D neuron is shown in Fig. 6 . In the Glu-H neurons, under voltage clamp conditions of membrane potential at -30 to -80 mV, NAT activated Glu-induced inward currents were obtained. The reversal potential of the inward current was slightly positive.
However, without NAT-perfusion, the reversal potential of Glu-induced clamp currents was about -70 mV in one type of Glu-H neuron; in the other type, the reversal potential was -40 to -30 mV. The former corresponds to the K+ and the latter to the C1 equilibrium potentials. Therefore, the Glu response with NAT induced activation of, at least, Na+ permeability increase during acetylation of tyrosyl residues.
DISCUSSION
Chemical modifications of the Glu-H receptor-channel complex and classification of the effects Dose-response relationship. The process involved in chemical modification of Glu-H receptor channel proteins varies. Modifications of C00-groups with EEDQ, -SH groups with NEM, and -NH3 groups with TNBS were all assumed to occur when these reagents were applied during the resting state of the receptors. However, modification of arginyl residues with diacetyl trimer was much more effective when this reagent was applied during the Glu-activated state of the receptors (Fig. 3) . This was also true of the modification by NAT. In the present experiment, the modification of protein by various site-specific modifying reagents on Glu-H receptors was analyzed by comparing the Glu dose-response (4G) relations before and after treatment. These could be classified into three types : (A) Type I, parallel shift of the dose-response curves to higher concentrations (i.e., competitive inhibition type modification) as shown by the EEDQ effects (Fig. 1A,  B) ; (B) Type IT, decrease in the slope of the dose-response curves (i.e., non-competitive inhibition type modification) as shown by the NEM and TNBS effects ( Fig.  2A, B) ; and (C) Type III, a combination of Types I and II as illustrated by diacetyl trimer modification (Fig. 5A, B) . Classification of these three types of modification is shown schematically in Fig. 7 and characteristics of the reagents used, plus the possible modification processes inferred from the present experiments, are summarized in Table 1 .
Alteration in the maximum response (JGmax). In competitive inhibition type modification, e.g., in the relationship between GABA and bicuculline, the doseresponse curve remains parallel but shifts to higher concentration of the agonist without altering the maximal response (e.g., AKAIKE et al., 1984) . Irreversible modification by EEDQ, however, depressed 4G. 4Gmax was depressed with a decrease in the total number of active binding sites of the receptor proteins by irreversible modification at higher concentrations of Glu (Fig. 7-I ).
In non-competitive inhibition type modification, e.g. the relationship between GABA and picrotoxin, the dose-response curve reduced the slope with a decrease in maximal response (AKAIKE et al., 1984) . This inhibition can be obtained by picrotoxin applied either externally or internally, indicating C1 permeability decrease by picrotoxin obstruction of Cl-channels. Therefore, the NEM and TNBS modification effects may be due to decrease in the total number of K~ channels. The modification of Glu receptor by diacetyl trimer (Fig. 5A, B) indicated Amino acid residues as subsites of the Glu-binding sites and/or ion channel sites, and their roles in the receptor mechanism There may be two oppositely charged amino acid residues in the receptor proteins (i.e., arginyl and carboxyl) that act as Glu-binding sites, as shown in Table 1 . These two amino acid residues may bind with two oppositely charged sites of a Glu-molecule.
In the Glu-activated K+ channels, there may be three sites represented by arginyl residue (modified by diacetyl trimer), amino groups (modified by TNBS), and the sulf hydryl group of cysteinyl residue (modified by NEM). Two of these (arginyl residue and amino groups) are positively charged, while the third is the polar sulf hydryl group. Since the former two possess the same charge as K+, this would lead to repulsion of K+. Therefore, the positively charged residues may function as subsites to regulate the negatively charged X-amino acid residues that are involved in the transportation of K+. The following evidence favors this proposal: diacetyl trimer cannot modify the arginyl residues in the resting state, but modifies them significantly during the open state of the Glu-H receptor channels. When the receptors are activated and the channels are opened, X-and arginyl residues might be separated from and free of each other. Then, the arginyl residues could be modified by diacetyl trimer. Thus, arginyl residues appear to bind tightly to X-residues in the resting state of the Glu-H receptors. It is also suggested that the arginyl residues are involved in K+ channel gate activation since Fig. 7 shows the mixed inhibition type.
In the case of NAT-activated Glu-induced Na+ response in the Helix neuron, a mechanism similar to that of the diacetyl trimer may be applicable. We suppose that tyrosyl residues in Glu receptors are normally masked by a hydrogen bond in negatively charged Y-amino acid residues, and the binding of these two residues might inhibit Na+ transportation by Glu alone before NAI application. Simultaneous application of Glu and NAT might acetylate tyrosyl residues to activate the Na+ channel. Our preliminary observation demonstrated non-competitive activation by simultaneous application of Glu and NAT. NAT activation (or disinhibition) of Na+ channel is reversible. This means that acetylated tyrosyl residues are gradually deacetylated by H+ acceptance from the hydrogen donners in the vicinity of the acetylated tyrosyl residues.
In the case of activation of Glu-induced Na+ response in the Glu-H type Onchidium neurons after C00-groups modification by EEDQ is irreversible. After modification of these residues, tyrosyl and C00-groups, have the same effect of activation (or disinhibition) on the Na+ channels. Therefore, it is possible to predict that these modified residues will be close to each other and they play the roles in the inhibitory or control mechanism on Na+ channel activity in Glu receptors.
In summary, the subsites in the Glu-H receptors and ionic channels appear to play three types of roles. First, the subsites act to regulate the stability of the receptive or/and ionic channel sites. Second, they are bound to the active site residues during the resting state of the receptors. Third, the subsites affect the control of ionic permeability of the channel.
